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GenotypeEffects and Genotypeby EnvironmentInteractions for Traits of Elite
Switchgrass Populations
AndrewA. Hopkins, K. P. Vogel,* K. J. Moore, K. D. Johnson, and I. T. Carlson
ABSTRACT
Switchgrass (Panicumvirgatum L.) is used as a forage species and
has shownpotential for use in productionof fuel ethanol fromcellulosic
biomass. Objectives of this research were to determine performance
differences betweenelite switchgrass populationsfor agronomic,forage
quality, and biofuel traits and to determine the magnitudeof genotype × environment(G × E) interactions for these traits across midwestern environments.Twentyelite switchgrass populations, consisting
of cultivars and advancedbreeding populations, were planted in sward
trials at Mead, NE, Ames, IA, and West Lafayette, IN, during 1990
and were evaluated in 1991 and 1992. Forage samples were taken at
a vegetative growthstage, at heading, and at the end of the season.
Plots were harvested for forage yield at heading and at the end
of the growing season. Forage composition and in vitro dry matter
digestibility was determinedusing near infrared reflectance spectroscopy. Significant differences (P < 0.05) betweenpopulationsfor forage
yield werefoundat individual locations but not across locations, except
at the P = 0.10 probability level, because of G × E interactions.
Genotype × environmentinteractions were significant for hemicellulose plus cellulose (holocellulose) yield, a potentially important biofuel
trait. In vitro dry matterdigestibility wasmorestable than both forage
yield andholocellulose yield. Despite large G × E interaction effects,
a few populations consistently ranked high in forage yield and holocdlulose yield. Multiplelocation, multiple year swardtrials will be needed
to develop switchgrasses broadly adapted to the midwest.

is a perennial warmseason grass native
SWITCHGRASS
to a large area of NorthAmerica(Stubbendieck
et al.,
1992)and is used for forage productionandconservation
purposes. Researchis currently underwayto developa
system for production of fuel ethanol from cellulosic
biomass(Lyndet al., 1991). If economicallyfeasible,
this systemcould provide an additional marketingoutlet
for forage. Cherneyet al. (1990)in Indiana andParrish
et al. (1990) in Virginia evaluated potential biomass
crops and concluded that switchgrass was one of the
most promising. In biofuel production, hemicellulose
and cellulose (holocellulose) could be enzymaticallyhydrolyzed to yield sugars, whichin turn could be fermentedinto ethanol. Assuch, yield of holocellulose may
be an importantbiomasstrait. Breedingswitchgrass for
increased yield could be onewayto improvethe economic
competitivenessof biomass-derivedethanol (Bransbyet
al., 1990)
A.A. Hopkins, Dep. of Agronomy,OklahomaState University, Stillwater,
OK 74078-0507; K.P. Vogel, USDA-ARS,344 Keim Hall, Univ. of
Nebraska, P.O. Box 830937, Lincoln, NE 68583-0937; K.J. Moore, Dep.
of Agronomy,Iowa State Univ., Ames, IA 50011; K.D. Johnson, Dep.
of Agronomy,Purdue Univ., West Lafayette, IN 47907-1150; and I.T.
Carlson, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011. The
reported research is from a dissertation submitted by the senior author in
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Biomass Fuels program via the Oak Ridge National Laboratory Contract
no. DE-AI05-900R21954.Journal Series no. 10596, Nebraska Agric.
Exp. Stn. Received 3 Feb. 1994. *Corresponding author.

In the north central states, mostswitchgrasscultivars
in wide use, such as Pathfinder (Newell, 1968) and
Trailblazer (Vogelet al., 1991), are basedon germplasm
originating fromthe Great Plains. Anexceptionis ’Cavein-Rock’, whichoriginated from germplasmcollected
from southern Illinois and was developedby the USDASCSsPlant Material Center at Ellsberry, MO.Performanceof Great Plains germplasmin midwestenvironments has not beenadequately tested. Disease pressure
maybe greater underthe humidityand rainfall conditions
foundin regionseast of the GreatPlains. In Pennsylvania,
helminthosporium
spot blotch incited by HelminthosporiumsativumL. wasmoresevere on ’Blackwell’,a cultivar
originating from Oklahoma,than on strains originating
from eastern states such as NewYork(Zeiders, 1984).
In Pennsylvania,Junget al. (1985) reported that forage
yield and digestibility of Blackwellwascomparablewith
that of ecotypesoriginating fromthe eastern USA.At two
locations near each other in Pennsylvania,Cave-in-Rock
wasconsistently higher-yieldingthan both Blackwelland
Pathfinder (Jung et al., 1988). Twidwellet al. (1988)
reported that in Indiana, Cave-in-Rockhad greater in
vitro dry matter digestibility (IVDMD)
than Trailblazer
and Pathfinder.
To date, investigations of G x E interactions in
switchgrass have been confined to genotypex year (G
Y) or genotype x growthstage (G × GS)interactions.
Substantial Gx Y interactions for seed and forage yield
(Eberhart and Newell, 1959) and xylose concentration
(Godshalk
et al., 1988a)havebeenreportedin switchgrass.
However,Godshalket al. (1986) found no significant
G x Y interactions for forage yield, IVDMD,
N concentration of initial growth,and IVDMD
of regrowth.Twidwell et al. (1988)foundno significant Gx Yinteractions
for IVDMD
and detergent fiber componentsamongthe
cultivars Cave-in-Rock,Pathfinder, and Trailblazer; G x
GSinteractions weresignificant only for Nconcentration.
Genotypex growth stage interactions for IVDMD
were
observedby Gabrielsen et al. (1990) amongswitchgrass
populationsdivergentlyselected for digestibility but were
considered minor.
Objectivesof this research wereto (i) determinegenotypic differences betweenelite breeding populations of
switchgrass for agronomic,forage quality, and biofuel
traits; and(ii) determinethe magnitudeof G x E interactions for these traits across midwesternenvironments.
MATERIALS AND METHODS
Experimentalswitchgrasspopulationsdevelopedby the
USDA-ARS
grass breedingproject at the Universityof NeAbbreviations:ADF,acid detergent fiber; ADL,acid detergent lignin;
NDF,neutral detergent fiber; G × E, genotype × environment; G ×
Y, genotype × year; G x GS, genotype × growth stage; P × L,
population × location; P × Y, population × year; IVDMD,
in vitro dry
matter digestibility; NIRS,near infrared reflectance spectrophotometer;
ANOVA,
analysis of variance.

Published in Crop Sci. 35:125-132 (1995).
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braska and cultivars commerciallyavailable in the north central
states were used in this research (Table 1).
The experiment was planted near Mead,NE, in a Sharpsburg
silt loam (fine, montmorillonitic, mesic Typic Argiudoll)
4.5 by 1.5 m plots on 31 May1990. Near Ames, IA, 3.7 by
0.9 m plots were planted on 30 May 1990 in a Webster silty
clay loam (fine-loamy, mixed, mesic Typic Haplaquoll). Near
West Lafayette, IN, 4.9 by 0.9 m plots were planted in a
Chalmers silt loam (fine-silty, mixed, Mesic Typic Haplaquoll)
on 18 May1990. Plot drills were used to plant the trials; the
seeding rate at all locations was 860 pure live seeds m-~. A
randomized complete-block design with four replications was
used at each location. Herbicide treatment at Meadand Ames
consisted of 2.2 kg active ingredient (a.i.) -1 ofatr azine
[6-chloro-N-ethyl-N’-(1-methylethyl)- 1,3,5-triazine-2,4-diamine]. At WestLafayette, 1.7 kg a.i. atrazine ha- 1 wasapplied.
Application was postplanting at all three locations.
Plots in Iowa and Indiana were sufficiently weed-free the
year of establishment and had headed by the end of the season,
so that collection of valid data on forage yield was possible.
Weedgrowth was removed periodically with a flail plot harvester at Meadin 1990, so forage yield data were not collected.
Plots were sampledfor dry matter determinations after a killing
frost on 16 October at Amesand 9 Novemberat West Lafayette.
Forage yields were harvested with a flail plot harvester with
a harvest height of 10 cm.
Residue was removed from plots at Mead in early spring
1991 by burning. Plots were sprayed with chlorsulfuron
[2-Chloro-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)-amino]carbonyl]benzenesulfonamide]] at 16.7 g a.i. ha-1 and metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy1-methylethyl)acetamide] at 2.2 kg a.i. ha-l prior to spring
growth in 1991 at Meadand West Lafayette. Metolachlor (2.8
kg a.i. ha-l) was applied on 17 Apr. 1991 at Ames. Alachlor
[2-chloro-2’,6’-diethyl-N-(methoxymethyl)acetanilide], at 2.2
kg a.i. ha -I, and chlorsulfuron were applied on 1 May 1992
at Mead. Herbicides were not applied in 1992 to the trials at
Amesor West Lafayette. Plots were fertilized prior to spring
growth in 1991 and 1992 with 112 kg N ha -l applied as
ammonium
nitrate. In late July 1991 at West Lafayette, P (21
kg ha-l) and K (90 kg ha-~) were applied.
Forage samples were taken from plots at a vegetative growth

stage and at heading. Plots were harvested at heading, and
regrowth was sampled and harvested in the fall. Vegetative
sampling took place in midJune at all locations in 1991 and
1992. Samples were taken at heading on 29 July 1991 and
1992 at Mead, on 17 July 1991 and 4 Aug. 1992 at Ames,
and on 16 July 1991 and 11 Aug. 1992 at West Lafayette.
Care was taken not to sample regrowth. Plots were harvested
at heading on the same day as sampling except at Mead, where
plots were harvested 31 July 1991 and 3 Aug. 1992. Regrowth
sampling and harvest dates were 22 Oct. 1991 and 13 Oct.
1992 at Mead, 21 Nov. 1991 and 20 Oct. 1992 at Ames, and
26 Nov. 1991 and 21 Oct. 1992 at West Lafayette. Regrowth
washarvested after a killing frost in 1991but prior to complete
senescence in 1992.
All forage samples were collected by cutting plants at = l0
cmheight with hand sickles at randomlocations within a plot,
except for regrowth at Meadand Amesin 1992 where samples
were collected from the harvester. After drying at 50°C (60°C
1at West Lafayette), forage samples were ground in a Wiley
shear mill (ThomasScientific, Swedesboro,NJ) to pass a 1-mm
screen and reground to uniformity in a Udy cyclone impact
mill (Udy Corporation, Fort Collins, CO). Sample grinding and
analyses were completed at the USDA-ARS
Forage Research
Laboratory in Lincoln, NE.
At the time of the vegetative sampling, growth stage was
determined using the system of Moore et al. (1991) on
number of tillers from random locations within a plot. The
average stage of these tillers was taken as the growth stage
of the plot. Growth stage data were also taken when plots
were sampled at heading.
Heading date was visually determined as the date when half
of the panicles in a plot had emergedfrom the flag leaf collar.
Disease ratings were taken just prior to harvest, with 0%
equaling no disease visible and 100%equaling canopy death
due to disease. Dry matter concentrations, determined from
samples taken just prior to harvests, were used to adjust corresponding plot forage yields to a dry weight basis. Dry weights
of vegetative and heading stage samples were added to harvested yield at heading.
i Names
of productsare includedfor the benefit of the reader and do
not implyendorsementby the USDA
or the University of Nebraska.

Table 1. Origins of 20 switchgrass populations planted in seeded sward trials.
Origin
Population
Blackwell
Cave-in-rock
Cave-in-rockhighyield-DMD
cycle I~’:~
Eyx FF cycle 0
Ey x FF low IVDMD
cycle 1
Ey x FF high IVDMD
cycle 3
Ey x FF high 1VDMD
cycle 3 WS
Eyx FF highyield cycle 3
Kanlow
Latesynthetichighyield cycle3
Latesynthetic high yield-DMD
cycle 2
Nebraska28
Pathfinder
Pathfinder
pastureclones
Pathfinderseedlingvigorcycle3
Pathfinderhighyield cycle3
Pathfinderhigh yield-DMD
cycle 2
Sunburst
Trailblazer
Trailblazerpastureclones

NorthernOklahoma
uplandtype, developedby Soil ConservationService Plant Materials Center(SCSPMC),
Manhattan,KS.
Lowland
type fromsouthernIllinois, developedby SCSPMC,Ellsberry, MO.
Developed
by USDA
Grass Breedingproject, Lincoln, NE, using RRPS.§
Uplandsynthetic derivedfromKansasandNebraskacollections by USDA
GrassBreedingproject, Lincoln,NE.
Selected from Eyx FFcycle 0 by USDA
GrassBreedingproject.
Developedby USDA
Grass Breedingproject, using RRPS.
Syntheticpopulationderivedfromwintersurvivors froma spaceplanted Eyx FFHighIVDMD
cycle 3 nursery
at Mead,NE.
Developedby USDA
Grass Breedingproject, using RRPS.
Lowlandtype from central Oklahoma,developedby SCSPMC,Manhattan,KS.
Derivedfroman upland, late maturingsynthetic by USDA
GrassBreedingproject, using RRPS.
Derivedfroman upland, late-maturingsynthetic by USDA
Grass Breedingproject, using RRPS.
NorthernNebraskauplandtype, developedby USDA
Grass Breedingproject.
Uplandtype fromKansas,Nebraska;similar in origin to Eyx FFcycle 0.
Syntheticderivedby polycrossing
clonesfroma Pathfinderpasturesubjectedto multipleyearsof grazing.
Developedby USDA
Grass Breedingproject, using RRPS.
Developedby USDA
Grass Breedingproject, using RRPS.
Developedby USDA
Grass Breedingproject, using RRPS.
SouthDakotauplandtype, developedat SouthDakotaState, Brookings,SD.
Selected fromEy x FFcycle 0 for one cycle of high IVDMD
by USDA
Grass Breedingproject, using RRPS.
Syntheticderivedbypolycrossingclonesfroma Trailblazerpasturesubjectedto multipleyearsof grazing.

Identificationsystem:basepopulation- selectioncriteria - cyclesof selection.
DMD,
IVDMD
= in vitro dry matter digestibility.
RRPS
-- recurrent,restricted phenotypicselection.

HOPKINS
ET AL.: GENOTYPE
EFFECTS
ANDINTERACTIONS
OFSWITCHGRASS
Percentagestand wasdeterminedafter harvest. A1-m2 grid,
dividedinto 25 equally sized sub-squares,wasrandomlyplaced
within a plot. Squaresnot containinga live switchgrassplant
were counted. This was repeated in a secondarea within the
same plot. The total number of squares without a live
switchgrass plant was multiplied by two and the resulting
numbersubtracted from 100 to give percentage stand.
Dry weight of regrowth samples were added to regrowth
forage yields, except wheresamples were collected from the
harvester.
Forage Quality Analysis
All sampleswerescannedusing a near infrared reflectance
spectrometer (NIRS;TechniconInfralyzer 500, Bran &Luebbe
AnalyzingTechnologies, Buffalo Grove, IL) across a wavelength range of 11130to 2500 nmwith 2-nmsteps. As much
as possible, wet lab data used in developing and verifying
NIRSprediction equations were obtained from samplesoriginating fromdifferent blocks, locations, samplingstages, and
populations. Laboratory values were determinedas follows.
The procedure of Marten and Barnes (1980) was used
determineIVDMD;
tureen fluid was collected and bulked from
two cannulated steers (Bos taurus), one being maintainedon
a diet of alfalfa (Medicago
sativa L.), the other on a diet of
corn cobs (Zea maysL.). Neutral detergent fiber (NDF),acid
detergent fiber (ADF),and acid detergent lignin (ADL)
determinedusing the sequential procedure of Van Soest and
Robertson(1980). Hemicellulosewas estimated as the difference betweenNDFand ADF,whereascellulose was estimated
as the difference betweenADFand ADL.Holocellulose yield
was determinedas the product of percentage holocellulose
(e.g., 700g kg-1 = 0.700) times forage yield, for both heading
and regrowthdata. Lignin yield at heading wascalculated in
a similar manner.
Laboratoryvalues obtained from the sampleswere used to
develop NIRSprediction equations for IVDMD,
NDF,ADF,
and ADLby using stepwise regression. Completedetails of
prediction equation development
and verification are given in
Hopkins(1993). Exceptwherenoted, prediction and verification samplesets contained, in approximatelyequal numbers,
samplesoriginating from the present research and from Hopkins et al. (1995). A given prediction equation was developed
using a sample set containing ~ 7%of all samples to be
predicted with that equation, except as follows. The 1991NDF
and ADLprediction equations were used for 1991 and 1992
samples. The 1992 ADFprediction equation was developed
using a set of samples from 1991. Prediction equations for
IVDMD
and NDFof 1992 regrowth were developed using
samplesfrom both years (morethan 160 total). In all cases,
a given prediction equation was verified (Table 2) with
sample set containing = 3 %of all samples to be predicted
with that equation.Samplesused for verification werenot used
in developingprediction equations. The1992verification set
for regrowthconstituents containedsamplesfromthe present
research alone.

Statistical Analysis
AgronomicData
Location-year data were analyzed as a randomizedcomplete-block design. Blockswereassumedto be randomeffects;
populationswere fixed effects. Whenincluded in the analyses
of variance (ANOVA)
model, year’s and locations were assumedto be randomeffects. Data from individual locations
wereanalyzedacross years as a split plot in time with popula-
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Table2. Bias, standarderrorof prediction(SEp)andmultiple
correlation
coefficient(R2) for nearinfrared
reflectance
spectroscopypredictionequations.
1991
1992
2
Constituent
~,
Bias, SEp R
Bias SEp R2
-1
g kg
1VDMD
3.8 26.9 0.98
- 4.6 28.0 0.97
NDF
2.0 18.0 0.88
9.9 19.7 0.88
ADF
1.0 15.0 0.98 - 10.9 22.9 0.97
ADL
- 2.4 7.0 0.94
- 2.1 6.4 0.94
IVDMD
(regrowth)
- 64.0 23.0
NDF
(regrowth)
26.0 18.0
IVDMD
= in vitrodrymatterdigestibility,NDF
= neutraldetergent
fiber,
ADF
= aciddetergent
fiber, ADL
= aciddetergent
lignin.
Fora givenconstituent,
biasis theaverage
difference
between
predicted
valuesandwetlabvalues.
tions as wholeplots andyears as split plots. A nestedfactorial
analysis (Hicks, 1973)wasused for data across locations from
individual years, with blocks nested within locations. Data
wereanalyzedacross years and locations in a similar manner.
Linear contrasts were used whencomparingspecific pairs of
populations. The methodof Neter et al. (1985) was used
calculate approximateF values, whereneeded, with approximatedegrees of freedomcalculated accordingto Satterthwaite
(1946). Expected mean squares and all individual ANOVAs
are listed in Hopkins(1993).
Forage Quality Maturity Adjustment
In the present experiment,differences in growthstage between populations at a given sampling were expected. To
reduce confoundingof genotypeand G × E interaction effects
with maturity, forage quality data were analyzedat a uniform
growthstage as follows. Withdata from both 1991and 1992, a
regressioncoefficientfor digestibility at the vegetativesampling
was determinedby linearly regressing IVDMD
against growth
stage. Digestibility data were adjusted whenthe regression
coefficient for maturitywassignificant and the coefficient of
determination(R2) was _> 0.30 (Table 3). Individual plot data
wereadjustedto a uniformgrowthstage, E3, using the following
formula:
Adjusted IVDMD= IVDMD+ (b × (x - 2.65))
whereIVDMD
is unadjusteddigestibility value, b is maturity
coefficient for IVDMD,
and x is observed plot stage. The
growth stage E3, coded as 2.65 according to Mooreet al.
(1991), was near the overall meanfor vegetative growthstage
and occurredjust prior to the boot stage. Vegetativedata for
hemicellulose, cellulose, and ADLwere also adjusted to a
uniform growth stage using the same procedures. Data for
E
forage quality at headingwerenot adjusted becauseof low R
values.
Table3. Regression
coefficients(b) + standard
error,usedin adjustingdatato a uniform
vegetativegrowthstage, andcoefficients of determination
(R2) for foragequality-growth
stage
regressionmodels.
2R
Constituent~"
b~t
IVDMD
-247 + 13
0.42
Hemicellulose
-82 + 6
0.30
Cellulose
76 + 6
0.31
ADL
43 + 3
0.36
~" 1VDMD
= in vitrodrymatterdigestibility,
ADL
= aciddetergent
lignin.
~ b = g kg-1 change
in constituentperunitchange
in growth
stage.
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Table 4. Analysis of variance with mean squares for agronomic and forage quality traits

of 20 elite

switehgrass populations.

Forageyield
Source
Location
Block (L)
Population~:
P × L
P × B(L)
Year
Yx L
Y x B(L)
P x Y
P × L x Y
P x Y x B(L)

df

Disease

Stand

2
9
19
37
168
1
2
9
19
37
168

__
~2
187
168
115
59
26
7475
1502"
106"
76
52*
25

~
3358*
46*
606*
22
17"
192
21
3
57*
10
4

Heading
-2
-kg ha
205 366 118"
4 317 258
29 954 614
8 587 666*
1 980 304*
27 738 508
4 878 867
2 480 589*
9 895 163"
1 091 244
756 357

IVDMDt
Regrowth

Vegetative

56 308 922
1 171 254
1 971 899*
260 177
102 340*
35 690 102
6 599 280*
718 641.
171 911
169 757*
63 756

13 273
97
700*
138
93
26 093*
327
205
228
133
128

Heading
-2
g kg

Regrowth

5777
162
1161"
199"
54
14 992
7849*
115
101
96
66

36 420
162
354
209*
47
519 070
72 191"
97
238*
99*
57

* Significant (P < 0.05).
~"IVDMD
= in vitro d~ matter digestibility.
~:Population df slightly less than 19 due to failure of Kanlowto establish at Mead.
Forage

Quality

Data

Analyses of forage quality data were the same as outlined
for agronomic data, except that growth stage was considered
a fixed effect when included in the model. Location-year data
were analyzed across growth stages as a split plot in time with
populations as whole plots, growth stages as split plots. Because
of consistent
G × GS interactions,
forage quality data were
subsequently analyzed by growth stage. All data were analyzed
using the SAS software package (SAS Institute,
1990).

RESULTS AND DISCUSSION
Agronomic Data
In the year of establishment, entries differed (P
0.05) for forage yield across locations (data not shown)
whereas the population × location (P × L)interaction
wasnonsignificant (P > 0.05). Meanforage yields ranged
Table 5. Means across 2 yr of the top ranking populations, mean
ranges, population mean squares (MSp), and population by year
mean squares (MSpy)for yield at heading of 20 elite switchgrass
populations grown at three locations.
Location and population

Yield

MSp

kg ha- 1 -Mead
Late syn high yield C3
Late syn high yield-DMDC2
Sunburst
Pathfinder high yield-DMDC2
Cave-in-rock
Total range
SEt
Ames
Cave-in-rock
Cave-in-rock high yield-DMDC1
Late syn high yield C3
Blaekwell
Sunburst
Total range
SE
West Lafayette
Cave-in-rock high yield-DMDC1
Cave-in-rock
Trailblazer
Ey × FF high yield C3
Ey × FF low IVDMD
cycle 1
Total range
SE
* Significant (P < 0.05).
t SE = standard error.

kg

MSpy
ha-2

__

14 380
13 310
13 300
13 230
12 960
3520
720

4 715 563 3 017 972*

14 280
13 480
11 200
11 150
11 020
9820
850

29 493 607* 4 499 899*

14 890
14 360
13 390
13 180
13 000
5010
850

12 791 748*

from 3150 kg ha-~ for NE 28 up to 5600 kg ha-1 for
the Trailblazer Pasture Clonespopulation.
Populationsthat hadthe greatest yields in the establishment year were not necessarily the most productive
strains in subsequentyears. Rankcorrelations between
meanforage yields in the establishment year and mean
forage yields in subsequentyears were nonsignificant
(P > 0.05) except between 1990 and 1991 meanyields
at WestLafayette. Eventhen, this correlation (r = 0.55)
wasnot strong. Forageyield in the year of establishment
is importantbut less so than productivity in subsequent
years becauseswitchgrass is a long lived perennial.
Significant (P < 0.05) P × L and population × year
(P x Y) interactions (Table 4) occurred whennonestablishmentyear data were analyzedacross locations and
years. Differences betweenpopulations for forage yield
at headingwerenot significant at the 0.05 level but were
significant at the 0.10 level (P = 0.07). Differences
betweenpopulations for forage yield at heading were
significant across years at Amesand West Lafayette
(Table 5), as were P × Y interactions.
Significant G × E interactions for forage yield at
heading were probably influenced by differing weather
conditions in 1991 and 1992 (Table 6). July 1992 was
particularly wet, with morethan 18 cmof rain at Mead
and more than 25 cm at both Amesand West Lafayette,
whereas temperatures were below normal (-1.4 to
Table 6. Climatic data, with deviations from normal, for the 1991
and 1992 growing seasons at Mead, NE, Ames, IA, and West
Lafayette, IN.
Seasonal
precipitationt
Location

Total
--

95 764*

Mead~
Ames
West Lafayette

58.9
75.3
51.4

Mead
Ames
West Lafayette

42.0
55.9
63.4

Deviation
cm-1991
- 9.3
9.9
- 13.9
1992
- 20.0
- 3.6
4.6

Monthly temperaturet
Average
~

°C

Deviation
--

18.9
18.0
19.1

0.3
0.7
1.5

17.5
17.0
16.9

- 2.2
- 1.4
- 1.5

Growingseasons were April-October, 1991, and April-September, 1992.
Nearest reporting stations with completeprecipitation (Wahoo,NE) and
temperature (Ashland, NE) data used for Mead.
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-2.2°C) throughout the season. Forage yields were
comparablebetween years for most populations (data
not shown). However,Cave-in-Rockand Cave-in-Rock
HighYield-DMD
Cycle 1 producedgreater forage yields
in 1992, about a 3000kg ha-~ increase averagedacross
locations, apparentlyin responseto better growingconditions. Cave-in-Rock
wasalso the only populationranking
consistently amongthe top five populations for forage
yield at headingat eachlocation (Table5). Thefact that
plots were burned in 1991 only at Meadmayhave had
a minorinfluence on the P x L interaction that year.
Earlier research has demonstratedthat selection for
high IVDMD
in switchgrass does not necessarily involve
a sacrifice in forage yield (Vogelet al., 1984; Hopkins
et al., 1993).In the presentstudy, whendata wereanalyzed
across years and locations, Ey × FF Cycle 0 produced
significantly (P < 0.05) greater forage yield at heading
than did Ey x FF High IVDMD
Cycle 3. Forage yield
of Ey × FF Cycle 0 exceeded forage yield of Ey × FF
High IVDMD
Cycle 3 at each location every year,
the difference being greater than 2550kg ha-~ at West
Lafayette in 1992.
Significant differences betweenpopulations for regrowthforageyield weredetected alongwith a significant
P × L × Y interaction (Table 4). Average regrowth
forageyields weresmallrelative to forage yield at heading, ranging from 890 kg ha-~ (NE28) up to 2670
ha-1 (Cave-in-Rock)in 1991 and from 740 kg -~ (N
28) up to 1780 kg ha-1 (Kanlow) in 1992. Regrowth
forage yields weregreater in 1991dueto warmertemperatures and a longergrowthperiodafter harvestof initial
growth.
Disease ratings did not significantly differ between
populations,althougha significant P × L × Y interaction
was found (Table 4). Stem rust, incited by Puccinia
graminis L., was the prominentdisease. Anthracnose,
incited by Colletotrichum graminicolaL., waspresent
at WestLafayette in 1992.Meandisease ratings averaged
across years were low, ranging at Mead,for example,
from 5% (Cave-in-Rock High Yield-DMDC1) to 20%
(’Sunburst’). Also, the correlation betweendisease rating
and forage yield waslow (r = -0.07) and nonsignificant
(P > 0.05). Thus,foliar diseases probablyhad little
no effect on switchgrassproductionin this research.
Averagedacross locations, full stands (>90%)were
present for all populations except Kanlow.Kanlowwas
excludedfrom analysis of agronomicdata collected at
Meadbecauseof poor establishment. Significant differences amongpopulations for stand percentage (Table 4)
were due to the poor stands obtained with Kanlow.
Therefore,exceptfor Kanlow,differences in forage yield
werenot due to differences in establishmentor persistence. At West Lafayette, Kanlowproduced14 650 kg
ha-1 in 1992 with an 83%stand compared with 9900
kg ha-1 in 1991 with a 66%stand.
Headingdate differed significantly betweenpopulations (P < 0.05). Headingdates, averagedacross years
and locations, ranged from early July for Sunburstand
NE 28 to early August for Kanlow. Comparedwith
199i, heading date was delayed about 15 d in 1992due
to cooler (- 1.4 to -2.2°C) temperatures.This trait was

not associatedwith yield as evidencedby a nonsignificant
correlation betweenheadingdate and yield (r = -0.07).
Biofuel Traits
Plots were harvested and forage sampled at heading
or the R3 stage of maturity (Mooreet al., 1991).
this growthstage, switchgrassproduceslarge yields and
wouldprobablybe harvested for biomassfuel feedstock.
Factors affecting biofuel productionfrom switchgrass
are unknown.However,holocellulose wouldbe the primarysource of fermentablesugars in ethanol production
from biomass. Consequently,yield of holocellulose was
consideredthe mostimportantbiofuel trait. Lignincould
be a substantial, perhapsundesirable, by-productof biofuel production.Asa result, lignin yield wasalso determined.
Across years and locations, significant P × Y and
P × L interactions occurred for holocellulose yield at
headingandlignin yield at heading(Table7). Differences
amongpopulations for lignin yield were significant at
the 0.10 but not the 0.05 levels of probability. Results
weresimilar for holocelluloseyield (P ~- 0.11). Significant differences amongpopulations at Amesand West
Lafayette, and significant P × Y interactions at each
location, occurred for holocellulose yield at heading
(Table 8). No population ranked consistently among
the top five at all locations for this trait. Still, large
holocellulose yields wereproducedby most populations,
as indicated by the narrow range at Meadand West
Lafayette (Table 8). At Ames,muchof the range can
be attributed to ’Kanlow’,whichproducedalmost 50%
less holocellulose (3170 kg ha-1) comparedwith Ey ×
FF High IVDMD
Cycle 3 (5990 kg ha-l), the second
lowest ranking population. At heading, lignin yields
averaged 730 kg ha-1 at Mead,640 kg ha-~ at Ames,
and 770 kg ha-~ at WestLafayette.
The majority of switchgrass herbage wascomposedof
holocellulose, with an averageconcentration of --700 g
kg-1 at each location. Thus, selection for forage yield
at heading,if successful, will probablyincrease holocellulose yield at heading.Increasedforageyield at heading
wouldalso result in increased lignin yield at heading,
Table 7. Analysis of variance with mean squares for iignin yield
and holocellulose yield of 20 elite switchgrass populations grown
at three locations for 2 yr.

Ligntn
yield
Source

df

Location
Block(L)
Population~"
P x L
P x B(L)
Year
Y x L
Y x B(L)
P x Y
P × L × Y
P x Y x B(L)

2
9
19
37
168
1
2
9
19
37
164

Holocelluloseyield

Heading

Heading
-2
kg ha

662 801
33 540
148 894
44 463*
11 133"
1 927 930
247 021"
21 591"
53 699*
8995
6768

85 997 790*
2 096 375
13 428 368
4 155 703*
969 397*
22 339 206
2 641 874
1 183 003*
4 843 801"
508 406
358 965

Fall regrowth
25 077 598
361 855
787 791"
111 219
48 520*
25 005 011
3 693 565*
217 263*
110 083
81 481"
31 872

* Significant (P < 0.05).
~" Populationdf less than 19 dueto failure of Kanlow
to establish at Mead.
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Table 8. Means across 2 yr for the top five ranking populations,
mean ranges, population mean squares (MSp), and population
by year mean squares (MSpy) for holocellulose yield at heading
of 20 elite switchgrass strains grown at three locations.
Location and population

Holocellulose
yield
kg ha-i

Mead
Late syn high yield cycle 3
Sunburst
Late syn high yieid-DMDC2
Pathfinder high yield-DMDC2
Trailblazer pasture clones
Total range
SE?
Ames
Cave-in-rock
Cave-in-rock high yield-DMD
C1
Late syn high yield C3
Blackwefi
Sunburst
Total range
SE
West Lafayette
Cave-in-rock high yield-DMDC1
Cave-in-rock
Trailblazer
Ey x FF low IVDMD
cycle 1
Ey x FF high yield cycle 3
Total range
SE

MSp

--

kg

MSpy
ha-2

--

9990
9320
9210
9170
8940
1980
510

2 320 030 1 538 441"

9890
9320
7920
7860
7800
6730
590

13 799 794* 2 152 412"

10 210
9830
9380
9190
9160
3190
590

5 559 689* 2 219 784*

of regrowth. Meansaveragedacross years and locations
for this trait weresmall, ranging from550 kg ha-1 for
NE28 up to 1480kg ha- ~ for Cave-in-Rock.
Thepotential
of switchgrass as a biomass feedstock will dependon
yield, productioncosts, anddelivered price. Ourresults
indicate that whenharvestedat heading, regrowthyields
of switchgrass maybe inadequate in someyears to warrant harvesting.
Forage Quality Data

* Significant(P < 0.05).
? SE = standard error.

unless a substantial decreasein lignin concentrationoccurred. Forageyield can be increased through selection
in switchgrass populations (Godshalket al., 1988b)but
only whenadequategenetic variation is present (Hopkins
et al., 1993).
Populationsdiffered significantly for holocellulose
yield of regrowth (Table 7). Also, P × L and P ×
interactions werenot significant for holocellulose yield

Foragequality data were analyzedby growthstage
becauseof significant (P < 0.05) andconsistent population x growthstage interactions (data not shown).The
vegetativegrowthstages are typical of the maturityat
whichswitchgrassis grazed.Sampling
for foragequality
at headingoccurredat a growthstage whenswitchgrass
is oftenharvestedfor hay.At suchan advanced
maturity,
digestibility of switchgrasshaycan becomelow andis
primarilyused for maintainingbreedingherds.
As mentionedpreviously, digestibility values were
adjustedto a uniformvegetativegrowthstage. Digestibility wassignificantly different betweenpopulationswhen
sampledduringvegetative growth,with no significant
(3 × E interactions (Table 4). Significant (P < 0.05)
P × Y interactions occurredfor NDF,hemicellulose,
andcellulose (data not shown).Among
vegetativeforage
quality traits, IVDMD
was significantly and most
strongly associated with lignin (r = -0.82).
Digestibility rangedfrom605 g kg- ~ for Cave-in-Rock
to 548 g kg-1 for Ey × FF LowIVDMDCycle 1,
averagedacross locations andyears. Cave-in-Rock
and
Ey × FF High Cycle 3 WSwere amongthe top five
populations, at each location, for vegetative IVDMD
(Table9).
Thelater headingdate of Cave-in-Rock
HighYield-

Table 9. Means across 2 years of the top ranking populations and mean ranges for in vitro dry matter digestibility
a uniform vegetative growth stage and at heading, of 20 elite switchgrass populations grown at three locations.
Location and population
Mead
Cave-in-rock
Ey x FF high IVDMD
cycle 3 WS
Cave-in-rock high yield-DMDC1
Ey x FF high IVDMD
cycle 3
Pathfinder high yield-DMDC2
Total range
SE
Ames
Kanlow
Pathfinder high yield-DMDC2
NE 28
Cave-in-rock
Ey x FF high IVDMD
cycle 3 WS
Total range
SE
West Lafayette
Cave-in-rock high yield-DMDC1
Ey × FF high 1VDMD
cycle 3 WS
Pathfinder
Pathfinder seedling vigor C3
Cave-in-rock
Total range
SE

IVDMD,adjusted to

Vegetative
IVDMD
-1
g kg

Population

IVDMDat
heading
-1
g kg

650
625
625
620
619
71
16

Ey x FF high 1VDMD
cycle 3 WS
Ey x FF high 1VDMD
cycle 3
Trailblazer pasture clones
Late syn high yield-DMDC2
Pathfinder high yield C3
Total range
SE

492
491
477
460
456
106
11

612
609
609
595
594
66
3

Kanlow
Ey x FF high IVDMD
cycle 3
Ey x FF high IVDMDcycle 3 WS
Pathfinder high yield-DMDC2
Trailblazer pasture clones
Total range
SE

498
491
454
452
448
112
15

589
579
575
568
566
78
16

Cave-in-rock high yield-DMDC1
Cave-in-rock
Ey × FF high IVDMD
cycle 3
Ey x FF high IVDMD
cycle 3 WS
Trailblazer pasture clones
Total range
SE

456
452
438
435
425
93
5
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DMD Cycle 1 compared with Cave-in-Rock, averaging
<3 d at each location, is not sufficiently large to cause
problems from a forage management perspective. Hence,
unadjusted vegetative digestibility of these two populations was examined. Analyzed across years and locations,
Cave-in-Rock High Yield-DMD Cycle 1 was significantly (P < 0.05) greater in unadjusted vegetative
IVDMD than Cave-in-Rock. This difference was = 13 g
kg"1 when averaged across years and locations. Thus,
selection for IVDMD in Cave-in-Rock was effective and
is associated with later flowering.
Across years and locations, a significant P X L interaction for digestibility at heading was detected along with
significant differences between populations (Table 4).
Absence of a P X Y interaction indicates that populations
ranked consistently across years for IVDMD at heading.
A few strains had consistently high IVDMD at heading.
Trailblazer Pasture Clones, Ey X FF High IVDMD C3
and its derivative, Ey X FF High IVDMD C3 WS,
ranked among the top five populations at each location
for IVDMD at heading (Table 9). These three ecotypes
consistently had higher IVDMD than Ey x FF Cycle
0, from which they originated. At heading, less lignin
(ADL) was closely associated with greater IVDMD (r =
—0.85). Forage yield at heading had almost no association with IVDMD at heading (r = -0.15). At heading,
significant differences occurred between populations for
ADL and holocellulose, along with significant P X L
x Y interactions (data not shown). For ADL, the P x
L interaction was significant also. This research demonstrates that specific switchgrass populations, in seeded
stands, can have consistently high IVDMD at heading
across the midwest. However, the presence of P X L
interactions indicates the importance of multiple location
testing.
All G x E interactions were significant for IVDMD
of regrowth (Table 4). Significant differences among
populations for this trait were not detected. Average
regrowth IVDMD in 1991 (310 g kg"1) was less than
in 1992 (530 g kg"1). Regrowth was sampled in 1991
after killing frosts. In 1992, subfreezing temperatures
had not yet occurred, and as a result, vegetation had not
completely senesced when regrowth was sampled. Thus,
differences between regrowth IVDMD in 1991 and 1992
may have been due to differences in amount of senescent
plant material in forage samples.
SUMMARY
Genotype x environment interactions were found to
be important for forage yield and biofuel traits of elite
switchgrass populations in seeded sward trials. These
interactions led to a failure to detect significant differences at the 0.05 level of probability among populations
for forage yield and holocellulose yield at heading when
data were analyzed across years and locations. However,
significant differences existed among populations at P ~
0.07 and P ~ 0.11, respectively, for these traits.
Switchgrass stands will normally remain in production
for periods of 10 to more than 20 yr and failure to plant
a high-yielding cultivar may cost a producer substantially
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during the life of the stand. Production costs for different
switchgrass populations are essentially the same. Consequently, we think the risk of declaring significant differences between cultivars for forage yield when no differences exist (Type 1 error; Steele and Torrie, 1960) may
be of less concern to producers than failure to declare
significant differences between cultivars when such
differences exist (Type 2 error). Based on these premises,
use of probability levels of 0.10 or 0.15 is valid in
declaring significant differences between switchgrass
populations for forage yield and holocellulose yield.
Currently, the highest yielding populations adapted to
the midwestern states for both forage and holocellulose
yield are the cultivar Cave-in-Rock, its derived population, and some of the Nebraska populations. Most
switchgrass populations were capable of producing large
holocellulose yields at heading. Single location, multiple
year testing in sward plots for switchgrass IVDMD at
a vegetative growth stage should be adequate. The populations Ey X FF High IVDMD Cycle 3, Ey X FF High
IVDMD Cycle 3 WS, and Trailblazer Pasture Clones
ranked high for IVDMD at heading, demonstrating stability of genetic improvements in IVDMD across environments. In the midwest, switchgrass regrowth probably
will not be harvested for hay or perhaps biofuel feedstock
because of low forage yield following a previous harvest.
Developing switchgrass populations broadly adapted to
the midwest will likely require evaluating advanced
breeding strains in sward trials at multiple locations and
for multiple years.
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